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ABSTRACT 

A new  method  for  the  analysis  of  dielectric  waveguides  for  milli- 
meter and  optical  integrated  circuits  and  a new  dielectric  waveguide 
structure  are  presented.  A comparison  between  this  new  method  and  the 


previously  available  approaches  by  itoh  is  given.  Experimental  results 
are  described  and  the  agreement  between  theory  and  experiment  is  shown 
to  be  quite  good. 
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1 . IN  1'KOPIV  n ON 


Dielectric  guiding  structures  for  millimeter  wave  frequencies  are 
low-loss,  inexpensive,  transmission  media  which  can  replace  conventional 
metallic  waveguides  useful  at  lower  frequencies. 

Traditional  metal  waveguides,  coaxial  cables,  and  microstrip 
guides  designed  for  transmission  at  microwave  frequencies  become 
increasingly  lossy  and  expensive  to  manufacture  for  millimeter  wave 
frequencies.  With  the  advent  of  low-loss,  high  relative  permittivity 
dielectric  materials,  dielectric  guiding  structures  have  received  conaide 
able  attention  for  these  applications.  Dielectric  waveguides  offer  the 
possibility  reducing  both  losses  and  manufacturing  expenses. 

A primary  source  of  loss  in  metallic  guiding  structures  is  Joule 
heating  of  the  metallic  surfaces.  By  confining  the  field  with  dielectric 
Interfaces  and  away  from  conducting  materials,  this  Joule  loss  can  be 
largely  eliminated.  A second  loss  mechanism,  scattering  from  surface 
irregularities,  is  directly  related  to  the  expense  of  conventional  guides 
In  order  to  minimize  scattering  losses,  conventional  guides  must  he  fabri 
cated  to  precise  tolerances.  Dielectric  guides  that  are  typically  larger 
dimensional ly  than  their  conventional  counter  parts,  offer  relaxed 
tolerance  requirements  on  this  fabrioatiou. 

8v  exploiting  the  dielectric  guiding  scheme  to  the  fullest, 
monolithic  integrated  structures  which  place  a complete  transmitter  or 
receiver  circuit  on  a single  dielectric  slab  are  feasible. 

Several  components  such  as  oscillators,  mixers,  phase  shifters, 
directional  couplers  and  antennas  could  be  molded  into  a single  sheet 
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of  dielectric  material.  The  ease  of  fabrication  of  dielectric  materials 
by  injection  molding  or  stamping  means  such  integrated  circuits  could  be 
inexpensively  produced. 

As  elaborated  above,  dielectric  guides  are  an  attractive  candidate 

for  further  study.  A great  deal  of  work  in  this  area  has  been  contributed 

1 ■>  3-8 

by  McLevige,  Itoh  and  Mittra,  Itoh,“  Knox  and  Toulios,  Kloh , Armata,  Jr. 

9 10-11  i“>  _ 1 3 

and  Chrepta,  Chrepta  and  Jacobs,  Chang  and  Kuno,  Levin  and 

Kietz,^  Takano  and  Hamasaki,^  Oxley,  et . al.,^  Schneider,  ^ and 
18*19 

Marcatilli.  Marcatilli,  however  analysis  of  these  structures  is 

difficult  because  one  is  forced  to  deal  with  non-separable  geometries.  An 
approximate  solution  which  circumvents  this  difficulty,  the  effective 

g 

dielectric  constant  (EDC)  method,  was  introduced  by  Knox  and  Toulios  in 
1970.  This  present  work  represents  a generalization  of  the  EDC  method  by 
recognizing  the  previously  undiscussed  role  of  polarization.  The  generali- 
zation may  be  termed  an  effective  dielectric  parameter  method  which  is 
comprised  of  two  complementary  techniques:  (1)  the  effective  permitivity 
method  which  is  equivalent  to  the  EDC  method  and,  (2)  a novel  approach, 

the  effective  permeability  method.  The  central  notion,  discussed  fully  in  ' 

Sections  II  A-E  is  to  slice  up  the  non-separable  structure  into  two  or 
more  structures  which  are  soluble  by  separation  of  variables. 

After  solving  boundary  value  equations,  each  region  can  now  be 
approximated  by  effective  dielectric  constants.  Then  the  data  in  the 
revised  problem  can  again  be  computed  by  separation  of  variables,  the  propa- 
gation constants  k can  now  be  determined, 
z 


The  effective  permeability  method  is  a new  method  which  is  based  on 
the  same  principle  as  the  effective  dielectric  constant  method,  but  instead 
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of  using  effective  permitivity  to  approximate  each  region,  it  utilizes 
effective  permeability.  The  theoretical  reasons  for  the  choice  of  using 
effective  permitivity  of  effective  permeability  are  discussed  thoroughly 
in  Section  II -C. 

A number  of  practical  guiding  structures  are  analyzed  by  this 

approach.  Two  forms  of  the  inverted  strip  (IS)  guide  (Fig.  LA)  introduced 

1 2 

by  McLevige,  Itoh,  and  Mittra  and  Itoh  are  addressed:  (1)  a quartz-teflon 
(QT)  guide  composed  of  a quartz  guiding  layer  resting  on  a teflon  strip  and 
(2)  a homogeneous  inverted  strip  (HIS)  guide,  so  named  because  it  is  composed 
of  single  dielectric  material.  A new  guide  structure  with  many  advantages, 
the  homogeneous  inverted  strip  (HIS)  guide  (Fig.  lb)  is  introduced  in 
Section  II-F,  and  the  familiar  rectangular  dielectric  rod  guide  (Fig.  lc> 
is  also  discussed. 

In  addition  to  the  theoretical  analysis,  experimental  verification 
of  the  predicted  field  conf igurations  of  the  first  three  guides  have  been 
carried  out  as  discussed  in  Section  III. 

From  the  data  obtained  in  the  research  on  homogeneous  inverted  strip 
waveguides  (HIS)  and  quartz-tef Ion  guide  (QT) , the  experimental  results  of 
the  dominant  mode  wavelength  agree  quite  well  with  calculated  results  using 
effective  permitivity  method.  Experimental  results  also  show  that  there 
exists  a second  mode.  The  calculated  second  mode  wavelength  of  QT  guide 
using  effective  permitivity  method  also  agrees  closely  with  experimental 
results;  but  the  calculated  second  mode  wavelength  of  HIS  guide  doesn't 
agree  with  experimental  results.  Thus,  the  effective  permeability  method 
was  devised  to  solve  the  waveguide  problems  in  order  to  determine  whether 
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After  replacing  Regions  I,  II,  and  III  by  the  hypothetical  medium 

with  the  effective  dielectric  constants  e . and  e ...  respectivelv,  the 

ets  etd 

propagation  constants  k^  may  be  determined  by  matching  the  fields  at  each 
vertical  interface  of  a three-layer  structure  as  shown  in  Fig.  2(d). 

The  eigenvalue  equation  for  k is  obtained  from: 


2 f 2 o j 

k~  = e k~  - k“  = e k“  + £“ 
2 etd  o x efs  o 
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k4-)  sin  [k  (x  -x  )]  + 2S  k cos  [k  (x  -x,)] 
x x 2 1 x x21 
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u • The  Reasons  for  Using  Effective  Dielectric  Constan c s 

It  has  never  been  clearly  explained  why  these  structures 
by  che  ecreccive  dieleccric  constant  i.s’'  rather  chan  effective 
i,-'  when  this  method  is  used. 

In  the  following,  we  will  attempt  co  give  an  explanation 
a new  metnod  for  solving  the  same  problem  is  introduced. 

1.  Consider  a simple  problem,  a plane  IE  wave  incident 
trom  medium  I into  medium  II  as  shown  in  Fig.  3ra). 
reflection  coefficient  rs  given  by: 
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and  t.’.en  assume  the  plane  IE  wave  incidents  noma! 


me  inter' ace 


as  shown  in  Fit.  3 , b)  . 
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l^ure  3 


(at  Plane  TP -wave  incidents  obliquely  from  medium  I to  medium 
(b)  Equivalent  problem  of  (at. 


After  substituting  equations  i.'3i  and  i'sl  into  t s > . Wt>  obtain 


R*  “tl/Oj  cos  R 
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- R. 
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and  if  Region  II  is  replaced  by  an  effective  permeability  j ’ 


N*  “ u2  " kv2/£2ko2 


u,  - u,,  sin“  6 


u„  cos'  9. 


and,  finally,  if  it  is  assumed  that  the  plane  TM-wave  incidents  normallv 
to  the  interface  as  shown  in  Fig.  4(b),  the  reflection  coefficient  R*  for 
this  new  problem  is 


R*  »(»u2*/e2  - ► u L * / e L ) / (/p2*/e0  + /u */ c L ) C 

After  substituting  equations  (29)  and  (31)  into  (32),  we  obtain 


(n^  cos  3 - n cos  9 )/(n  cos  9.  + n cos  9 ) = r 
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Similarly,  if  Region  I and  II  are  replaced  by  effective  dielectric 
constants,  the  same  reflection  coefficient  cannot  be  obtained. 


3.  In  short,  the  polarization  of  the  plane  wave  determines  whether 
effective  £ or  effective  u should  be  used.  For  TE  wave,  effective  e must 
be  used.  For  TM  wave,  effective  u must  be  used. 

4.  The  eigenvalue  equations  for  the  slab  guide  can  now  be  derived  by 
using  the  above  concept.  If  it  is  TE  wave  as  shown  in  Fig.  5(a): 


u £ k“ 
1 1 o 


(34) 


U2 


(35) 


zl 


z2 


(36) 


the  effective  dielectric  constants  are: 


£1  - kzl/ulko 


2 2 
k ,/u.k 
xl  1 o 


c*  * as 
2 


/u^k 


2 

o 


(37) 
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Ihe  eigenvalue  equations  obtained  from  ?ig.  5 'a)  are: 


These  are  identical  equations  to  equations  (41)  and  (42).  Therefore 


we  can  get  transverse  eigenvalue  equations  for  TE  waves  by  the  effective  c 
method. 


5.  If  it  is  a UI  wave  as  shown  in  Fig.  5(c),  then: 
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and  the  effective  permeabilities  (p's)  are: 
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The  original  problem  5(c)  can  now  be  replaced  by  the  equivalent 


problem  as  shown  in  Fig.  5(d),  in  which  a TEM  wave  resonates  inside  a 
slab  guide. 


The  eigenvalue  equations  obtained  from  Tig.  5(c) 


k . J . , k , 
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The  eigenvalue  equations  obtained  from  Fig.  5(d) 


Rewrite  (53)  and  (54)  as: 


anti svm  E 


k d 

tan (-—-.-  )” 


tan( 


are ; 


a re 


s vm  E 


-21- 


These  equations  are  identical  to  (.51)  (52)  and  consequently,  we 
can  get  transverse  eigenvalue  equations  by  the  effective  y method  for  TM 
wave. 

6.  After  determining  the  criterion  for  using  effective  e or  effective  y , 

let  us  consider  again  the  inverted  strip  guide  as  shown  in  Fig.  6(a).  The 

principal  field  components  are  E^  and  H^.  From  equations  (2),  (3),  (5), 

we  can  see  that  is  a product  of  two  small  terms  (so  it  is  negligibly 

small).  E and  H are  products  of  one  small  term  with  a large  term  (so 
z z 

they  are  minor  components). 

The  field  components  are  E^,  E^,  H^,  as  shown  in  Fig.  5(b), 

when  each  region  is  replaced  by  a hypothetical  medium,  for  the  interface 
YZ  plane.  It  is  a TE  wave,  therefore,  we  must  use  effective  dielectric 
constant . 

If  we  slice  the  Inverted  Strip  Guide  in  a different  way  as  shown 
in  Fig.  6(c),  when  each  region  is  replaced  by  a hypothetical  medium,  the 
interface  is  XZ  plane,  it  is  a TM  wave.  Therefore,  we  must  use  effective 
permeab ility . 

D.  The  Effective  Permeability  Method 

Now  the  effective  permeability  method  will  be  used  to  analyze  the 
Inverted  Strip  Guide  (ISG).  In  Figure  7(a)  the  Inverted  Strip  Guide  is 
redrawn  and  each  of  the  regions  I,  II,  and  III  is  taken  to  be  infinitely 


long  in  the  v-direction.  Regions  II  and  III  are  now  homogeneous  regions. 

Region  I is  a single  slab  guide  (Fig.  I (b)).  The  propagation  constant 

can  be  determined  by  matching  the  tangential  electric  and  magnetic  fields 

at  each  interface,  and  then  can  be  replaced  by  an  equivalent  infinite 

homogeneous  region  having  effective  permeability  j . We  then  have  a 

et  1 

structure  as  shown  in  Fig.  7 (c) . 

The  effective  permeability  may  be  determined  in  the  following 

manner.  From  c(6)  we  know  that  the  field  components  are  S , E , H , H . 

y z x z 

Consequently,  for  the  slab  guide  in  Fig  7 (b) , it  is  a TE  wave  problem, 
and  the  eigenvalue  equation  is  (42)  where  d = 2w. 

Jkx2 

tan  (k  w)  - ~ — (42) 

X I.  x . 

xl 


The  effective  permeability  for  this  structure  is: 


ibl) 


We  may  now  determine  the  propagation  constant  for  structure  7(c) 

bv  matching  the  tangential  fields  at  each  interface.  In  the  (e  , u 

1 et  1 

region,  we  allow  for  the  possibility  of  the  field  being  either  sinusoidal 
or  exponentially  decaying  by  expressing  it  in  terms  of  a sum  of  hyperboli 
functions.  The  fields  in  the  (f.,,  u^)  region  are  sinusoidal  and  the 
fields  in  the  (e^,  y ) region  are  exponentially  decaying. 

The  fields  are  the  following: 


■>e  (y) 
4>e(y) 
(y) 


A cosh(n^v)  0<y<h 

B^cos  [K^ly-h)]  + B^sin  [k^(y-h)l  h<-v<h+d 


-n.(y-h-d) 


yh+d 


i62) 

(6J) 

( (m  1 


where  n^  and  n^  are  attentuation  constants  in  their  respective 
regions  and  subject  to  a relation  of  equation  (633. 


k0  + "3  ■ h ue£l  k0  + "l 


y t>5> 


where  n^  must  be  real  and  positive,  while  n^  may  be  either  real  or 
imag inary . 

Matching  the  field  components  H and  E_^  at  v-h,  we  obtain 
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ij 

A cosh  (n.h)  = B 

1 c 

(66) 

ij 

A "l  Slnh<nlh)  W 

£1  e2 

(67) 

and  similarly  at  y = h + d 

B cos  [k  d]  + B sin  [K  d]=  C 

C V s V 

(68) 

-B  k sin(k  d)  + 3 K cos(K  d) 
c v v s v y 

“ c 

3 

(69) 

j 

After  algebraically  manipulating  the  four  equations  (66) 

through 

(69) , we  obtain: 

■ 

B = A cosh  (n.h) 
c 1 

(70) 

e2nl 

B = A sinh(n1h) 

s c k 1 

1 y 

(71) 

1 ] 

. 

C s A fcosh(n.h)  cos(k  d) 

1 V 

n . c ^ 

+■  _ ^ sinh  (n^h)  sin(kvd)  ] 
a y 

(72) 

and  the  eigenvalue  equation: 

ij 

H 

• \ 

1 

«\3 

■ * 

* 


• ' tt 


wmmmmm i i 


m 
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n,£,£.k  cosh  (ah)  cos  (k  d)  + n,c~  a,  sinh(n,h) 

3 . 1 y 1 v 3 2 1 1 

2 

sin(k  d)  - s k“  cosh  (,a,h)  sin  (k  d)  + k e,n,sinh  (a,h) 

V I-V  L V y 7 1 1 


cosCk^d)  * 0 (73) 


After  using  a computer  to  solve  (73)  for  k , we  can  then  use 

v 

equation  (65)  to  calculate  k^. 


E . Iteration  Procedure 

The  Inverted  Strip  Guide  can  be  divided  into  nine  regions  as  shown 
in  Fig.  8(a).  From  the  effective  dielectric  constant  method,  we  can  obtain 
a set  of  k^'s  and  k^'s  as  shown  in  Fig.  S(b) , where: 


C-> 


(75) 


(.76) 


From  the  effective 


k ' s and  k ' s as  shown  in 
x v 


permeability  method,  we  can  obtain  a set  of 
Fig.  3(c) , where: 


ku.  - ku  - ku 
v 3 vo  v9 


Equations  (74)  through  (79)  show  the  detects  of  the  above  two 

methods,  since  the  true  values  of  k ,,  k ,,  k , mav  not  be  the  same, 

xl  xd  x3 

and  etc. 

If  the  true  values  of  k 's  and  k 's  lie  between  these  two  sets 

x y 

and  these  two  sets  of  k 's  and  k 's  are  good  approximations  to  the  true 

x v 

set,  then  we  may  iterate  and  get  a set  of  convergent  values. 

The  iteration  procedure  is  summariced  below.  First,  use  the 

effective  e method  to  find  all  the  k^'s  and  k”'s.  Then  use  the  effective 

x y 

u method  to  find  all  the  kU,s  and  ku's.  And  then  average  these  two  sets. 

x v 


TSoro  j r a 


root  mean  square,  etc.  The  root  mean  square  turns  out  to  be  the  best 

way.  It  makes  the  set  of  values  converge  faster  than  any  other  method. 

It  also  preserves  the  value  of  k . Accordingly,  we  get  a set  of  average 

k ' s and  k ' s . 
x y 


k , ■ * k"  + k 

xl  av  xl  xl 


k , 
x_  av 


"■k”  +k  . 
X-  x. 
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x3  av 


>kx3  + kx3 


(33) 


etc . 

We  Chen  assume  these  average  k^'s  Jnd  k^'s  are  good  approximations 

of  the  true  values,  and  we  use  the  effective  ; method  again.  Taking  into 

account  the  effect  of  the  average  k^'s  co  got  effective  u's  for  each 

region,  we  Chen  obtain  a new  sec  of  k~'s  an^  k“'s,  3nd  we  use  c-ie 

effective  u method  again  with  the  effect  of  the  average  k^'s,  (specifically, 

eliminating  the  effect  of  average  k ' s by  replacing  each  region  by  the 

effective  u).  We  then  gee  a new  set  of  k‘ ' s and  k's,  average  these  two 

xy 

sets,  use  the  effective  e method  again,  and  use  the  effective  u method 
again.  After  a few  steps,  the  values  of  these  two  sets  will  converge. 

F . Strip-Loaded  Insulated  Outdo 

For  Che  strip  guide,  (.Fig.  9(a))  because  most  of  the  energy  is  in 
the  guiding  layer,  so,  the  conductor  loss  is  quite  large.  If  we  put  a 
layer  of  low  dielectric  constant  between  the  guiding  layer  and  the  ground 
plane  as  shown  in  Fig.  ^vb),  (because  the  fields  are  exponentially 
decaying  in  the  insulation  layer),  the  conductor  loss  is  smaller.  Further- 
more, because  the  effective  dimension  of  the  guide  is  smaller,  its  propagation 


character istics  becomes  mere  sing le-moded . 


This  point  can  be  explained  by 


Dielectric 
Strip 


(a) 


Guiding 
Layer 


Insulation 

Layer 


(b) 


(c) 


fe  I 


y4  = h +d  + k 


y 

4 


Xi=-W  X2  = W 

Ground  Plane 


e2  > i > c, 


€o 





-_-y4=h+d~k 


y 

i 


L — Ground  Plane 


y 

1 


Xi  = -W  x2=w 


Figure  11.  Analysts  of  strip  loaded  insulated  guide  by  T.eans  of  effec 
dielectric  constant  method:  (a)  cross  section,  (b)  triple 
slab  model  for  y-variation  analysis,  ^c)  double  slab  model 
v-variation  analysis,  (d)  model  for  x-variation  analysis. 


-35- 


(v)  - A cosh(n^v) 


0<v<h 


4>e(v)  « B cos  [k  (v-h) 1 + B sin[k  (v-h)  I h<v<h+d  (84) 

c y ’ s v ' 

(y)  " Cc  cosh[n^(y-h-d) ] + sinh [ (v-h-d) ] h+d<y-h+d+k  (85) 


i (v)  - D * 


-n0ty-h-d-k) 


v'h+d+k 


where  n^,  n^.  n ^ are  attenuation  constants  in  their  respective 
regions  and  subject  to  a relation  of  equation  (87). 


s;  - ks  * no  ■ e 3 k;>  * n3  • c2  ko  - k ■ ei  s + °; 


where  n^  must  he  real  and  positive,  while  n^ , n^  may  be  either  real  or 
imaginary . 

Matching  the  fie  id  components  ii  and  E at  v=h,  we  obtain: 

x z 


A cosh  (n.h)  = B 
J c 


A n,,stniun,h)  B k 
1 3 s v 


and  similarly  at  v»h+d 


B costk  d)  + I)  sin(k  d)  «*  C 
c v s v c 
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-B  k sin(k  d)  + B k cos(k  d)  on 
c v v s v y s 1 


(91) 


similarly  at  y = h+d+k 


C cosh  (n,k)  + c sinh  (n,k)  = D 
c 1 s 1 


(92) 


n.  C sinh(nk)  + n, c cosh(n,k) 
l c i Is  1 


- -noD 


(93) 


After  algebraically  manipulating  the  six  equations  (88)  through 
(93) , we  obtain: 


B =*  A cosh  (n.h) 
c 3 


(94) 


Bs  = A kM  Slnh(n3h) 


y 3 


(95) 


n-,c. 


C = A [cosh(n  h)  cos(k  d)  + sinh(n  h)  sin(k  d)  ] 


k e 
y 3 


(96) 


C = A 
s 


k e 

V 1 


n3£2 


— — [-cosh(n  h)  sin(k  d)  + ~~  sinh(n,h)  cos(k  d)  ] (97) 

nit2  J " v£3  i y 


11 

D = A [cosh (n^k)  cosh  (n^)  cos(kvd)  + ~~  cosh  (n  k) 

y y£  3 L 

k e 

sinh(n  h)  sin(k  d)  — sinh(n,k)  cosh(n.h) 

3 y nLe2  1 3 

n3~  1 

sin(k  d)  + — — sinh(n  k)  sinh(n.h)  cos(k  d) ] («8) 

y nl“3  3 y ' 


and  Che  eigenvalue  equation  is: 


e,n.D  + n,sinh(n,k)  C + n,cosh(nk)  C = 0 
10  1 lcl  Is 


(99) 


The  effective  dielectric  constant  £ . for  this  structure  is: 

ett 


(100) 


After  replacing  regions  I,  III,  and  II  by  the  hypothetical  medium 

with  the  effective  dielectric  constants  £ , , and  £ _ , respectivelv,  we 

etd  eft 

may  determine  the  propagation  constant  k^  by  solving  the  problem  as  shown 
in  Fig.  11(d).  The  procedure  is  the  same  as  previously  noted. 

2)  Effective  Permeability  Method:  In  Fig.  12(a),  I have  divided 
the  strip-loaded  insulated  guide  into  four  regions  in  the  x-direction,  and 
each  of  the  regions  is  taken  to  be  infinitely  long  in  the  y-direction. 
Regions  I,  III,  IV  are  homogeneous  regions,  while  region  II  is  a single 
slab  guide  (Fig.  12(b)).  From  the  analysis  for  inverted  strip  guide,  we 
know  that  the  eigenvalue  equation  is: 


tan  (k  w) 


1) 


ko'k*i/ 


(57) 


I 


The  effective  permeability  for  this  structure  is: 


Ue  f 1 = U°  ' 


We  can  now  replace  the  single  slab  structure  by  a hypothetical 


(e^,  i‘et-1)  region  as  shown  in  Fig.  12(c),  and  we  may  determine  the 
propagation  constant  for  this  structure  by  equation  (99)  for  triple-slab 


guide . 


£ , n D + n,  sinh(n,k)  C + n,  cosh(n  k)  c = 0 
10  1 lcl  Is 


and  dispersion  relation  (101)  is: 


2 2 


k“  = k0  + n0  = £1  Uefl  k0  + nl  = C2ko  ^ = £3k0  + °3 


(101) 


3)  Iteration  Method:  We  may  use  the  same  approach  as  previously 
noted:  divide  the  guide  structure  into  12  regions  and  then  use  the  effective 
e method  and  the  effective  u method  to  iterate. 


G.  Rectangular  Guide 


This  structure  has  been  analyzed  by  Klohn,  Armata  and  Chrepta. 


From  their  paper,  this  problem  is  solved  by  assuming  the  guide  to  be 
infinitely  long  in  the  x-direction  and  deriving  the  y-variation  transcendental 
equation  and,  similarly,  assuming  the  guide  to  be  infinitely  long  in  the 
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v-direction  and  deriving  Che  x-variation  transcendental  equation.  They 
treat  each  direction  independently,  and  such  a treatment  is  not  reasonable. 
Their  procedure  can  be  modified  by  using  effective  e and  effective  u and 
getting  more  reasonable  results. 

1)  Effective  e Method:  The  anaLvsis  is  the  same  as  described 

for  the  Inverted  Strip  Guide.  First  assume  region  II  (Fig.  13(a))  is 

infinitely  long  in  the  x-direction,  and  get  the  e for  this  region. 

0 t 1 

After  replacement,  we  obtain  a structure  as  shown  in  Fig.  13(b''.  The 
propagation  constant  can  then  be  determined  by  solving  the  eigenvalue 
equation  for  a slab-guide. 

2)  Effective  u Method:  As  shown  in  Fig.  13(c),  region  II  is 

taken  to  be  infinitely  long  in  the  y-direction.  After  matching  the  fields 

at  the  interfaces,  we  obtain  y for  this  structure. 

et  1 

After  replacement,  we  arrive  at  a structure  as  shown  in  Fig.  13vd). 
The  propagation  constant  can  be  easily  determined  for  this  structure. 

3)  Iteration  Method:  We  can  still  use  both  the  effective  s and 
the  effective  u methods  for  iteration.  The  principal  is  the  same  as  that 
summarized  in  E. 


All  experimental  work  is  done  over  the  frequency  range  from  78  GHz 

to  80  GHz.  Figure  14(a)  shows  a block  diagram  of  the  experimental  set-up 

for  the  standing  wave  pattern  measurement.  The  millimeter-wave  energy  is 

fed  to  the  guide  and  a reflecting  plane  is  put  at  the  end  of  the  guide. 

The  standing  wave  pattern  is  measured  along  the  guide.  Furthermore,  the 

transverse  field  distributions  are  measured  by  the  pinhole  probe  as  shown 

in  Fig.  14(b).  The  front  end  of  the  guide  is  shaped  like  a prism  to  enhance 

the  launching  efficiency  and  the  direction  of  the  input  is  chosen  so  as  to 
v 

excite  the  E'  mode  onlv  and  not  to  transmit  energy  directlv  to  the  oroblem. 

pq 

The  feeding  is  as  shown  in  Fig.  15. 

B.  Experimental  Data  and  Comparison  with  Numerical  Data 

1)  Inverted  Strip  Guide:  We  have  made  experiments  for  three  cases. 
Case  (a)  is  a Quartz-Tef Ion  guide  (QT  guide).  The  dielectric  constant 
of  Quartz  is  3.8,  while  the  dielectric  constant  of  Teflon  is  2.1 
h=1.61mm,  and  d=l. 59mm  and  2w=3.89mm.  Fig.  16  shows  the  measured  standing 
wave  pattern  for  QT  guide.  It  is  clear  that  a second  higher  mode  must 
exist  in  addition  to  the  dominant  mode.  TABLE  1 shows  the  comparison 
between  experimental  data  and  numerical  data: 
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TABLE  2 

COM  PA  K IS  ON  BETWEEN  EX  PERT  MEN  1'AI.  DATA 
AND  NUMERICAL  DATA  EOR  HIS  GUIDE 


1--79.4  CHr. 

h- 0.795  mm 

d“0.735  mm 

2W-2.05  mm 

Experimental 

Data 

Effect l vo 
c Results 

El fective 
u Results 

\ 

I 

2.089  mm 

2 . 08  mm 

s 

2 . 507  mm 

3.73  mm 

V 

<? 

L.43  mm 

1 . L 4 mm 

1.13  mm 

'l 

5.48  mm 

12.51  mm 

•* . 7 mm 

f « 7 8 . 7 OH,-. 

li"0.795  mm 

d •=0.735  mm 

2W”2.05  mm 

Experiment a 1 

Ef fective 

Effect Ivc 

Data 

► Results 

P Resu 1 1 s 

' I 2.11  mm  05  mm 


2.54  mm 

07 

mm 
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5? 

1.12 

mm 

1.15  mm 

1.33 

mm 

't 

5.22 

mm 
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mm 
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, l 1,1 

where  : — * — -t-  — 
''a  V1  V2 


1 L 


h x: 


This  time  the  effective  ; method  does  not  predict  the  5 nm  large 
wavelength,  while  the  effective  - method  does  predict  a Large  wavelength 


around  3 mm.  C 

ase  ( 

c)  is  a HIS 

guide  again. 

(N11IS)  , the 

only 

change 

is  the  width,  i 

.a.  , 

2W  » 1.0  mm. 

Fig.  13  shows 

the  standing 

wave 

pattern 

for  this  guide. 

The 

pa  c z e r:i  i.  s 

very  siagle-raoded 

Table  3 
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TABLE  3 


COMPARISON  3ETVEEN  EXPERIMENTAL 
DATA  AND  NUMERICAL  DATA  : OR  NKIS  GUT  Or 


'3.3  CHc 
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i*0.'35  tun 


I\  - 1 . D nun 
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Data 
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Figure  19  is  the  measured  x-variation  for  the  HIS  guide.  Fig.  20 
is  the  measured  x-variation  for  the  NHIS  guide. 

2)  Iteration  Results:  Table  4 is  the  iteration  results  for  the 
Q.T.  Guide  at  f»79.4  GHz.  Table  5 is  the  iteration  results  for  the  HIS 
guide  at  f=79.4  GHz.  Table  6 is  the  iteration  results  for  the  NHIS  guide 
at  f=78.7  GHz. 

3)  Strip-Loaded  Insulated  Guide:  Fig.  21  is  the  standing  wave 
pattern  of  this  guide  with  a thin  air  gap.  If  we  compare  Fig.  21  with 
Fig.  17,  it  is  clear  that  the  former  is  much  more  single-moded  than  the 
latter . 

Fig.  22  is  the  standing  wave  pattern  of  the  NHIS  guide  with  a thin 
air  gap.  It  appears  very  single-moded. 

Tables  7,  8,  9,  and  10  show  the  comparison  between  experimental 
data  and  numerical  data. 

9 

4)  Rectangular  Guide:  Finally,  the  results  of  Klohn's  paper  can 
be  compared  with  the  results  obtained  from  the  effective  £ method,  the 
effective  u,  method,  and  the  iteration  method. 
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TABLE  4(b) 


QT  GUIDE  ITERATION  RESULTS 
EFFECTIVE  y METHOD,  f-79.4  CHz 


klx(m_1) 

k^tn 

k .(m"1 

X4 

) k -(m  ^) 
xr 

k (m  ^ ) 

k^m'1) 

\(mm) 

\ _ (mm) 

1 

620.7 

000.0 

000.0 

1631.2 

000 . 0 

000 . 0 

2345.5 

2.208 

1.104 

570.7 

296.2 

296.2 

1150.0 

192.4 

192.4 

2833.1 

2.218 

1.109 

3 

600.8 

238.9 

233.9 

1412.5 

119.8 

119.8 

2837.1 

2.215 

1.107 

4 

587.5 

271.7 

271.7 

1287.5 

153.6 

158.6 

2834.9 

2.216 

1.108 

5 

594.5 

257.1 

257.1 

1351.5 

140.5 

140.  5 

2835.9 

2.216 

1.108 

6 

591.1 

264.7 

264.7 

1319.9 

149.3 

149.3 

2835.4 

2.216 

1.108 

7 

592.9 

261.0 

261.0 

1335.8 

145.2 

145.2 

2335.6 

2.216 

1.103 

8 

592.0 

262.9 

262.9 

1327.9 

147.5 

147.5 

2835.5 

2.216 

1.108 

9 

592.4 

262.0 

262.0 

1331.3 

146.4 

146.4 

2835.5 

2.216 

1.108 

10 

592.2 

262.4 

262.4 

1329.9 

146 . 9 

146 . 9 

2835.5 

2.216 

1.108 

kyl(m_1) 

kv  ,(m  1 ) 

k .(m  S 

v3 

k . (m  * 

V4 

) ky  .(m~ 1 ) 

k (m  1) 
vt> 

1 

1633.1 

1557.  5 

2308.2 

1592.7 

1552.0 

2311.9 

3 

1610.9 

1554 . 6 

2310.2 

4 

1601.9 

1553.3 

2311.1 

5 

1606.3 

1553.9 

2310.7 

6 

1604.1 

1553.6 

2310.9 

7 

1605.2 

1553.8 

2310. S 

8 

1604.7 

1553.7 

2310.3 

9 

1604.9 

1553.7 

2310.3 

10 

1604.3 

1553.7 

2310.3 

■ ■ i.  H :J  U I 
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TABLE  5(a) 


HIS 

GUIDE  ITERATION  RESULTS 

EFFECTIVE  £ METHOD,  f»79.4 

GHz 

kxl(m  L) 

kx2^m 

kx3(n>  S 

k ,(m  ^ 
x4v 

)kx5(m_1) 

kxD(m_1) 

k (m  S 

•\  (tnm) 

X (mm) 
s 

1 

1043.9 

1907.0 

3008 . 2 

2.089 

1 . 044 

-) 

945 . 4 

1376.6 

2955.3 

2.126 

1.063 

3 

1006.4 

1681.7 

2996.1 

2.097 

1.049 

4 

984.2 

1563. 0 

2989.3 

2.103 

1.052 

5 

998.3 

1637.3 

2942.1 

2.100 

1.050 

6 

991.6 

1601.4 

2990.1 

2.101 

1.051 

7 

995.0 

1619.7 

2991.2 

2.101 

1.050 

8 

993.5 

1610.6 

2990.7 

2.101 

1.050 

a 

994.2 

1615.3 

2940.9 

2.101 

1.050 

10 

993.8 

1612.9 

2990.3 

2.101 

1.050 

kyiCm'1) 

kv3(m'S 

k / (m~ 1 

v4 

)k  ,(m  l) 

* J 

V”'1) 

1 

968.5 

968.5 

2714.7 

1624.5 

2380.9 

1624.5 

2 

896.2 

1203.9 

2618.3 

749.  7 

2053.7 

2017.3 

3 

949.0 

1042.8 

2687.0 

1187 . 4 

2237.3 

1316.5 

4 

93  5.7 

1088.3 

2669.0 

951.4 

2143.9 

1926.5 

5 

943.5 

1062.0 

2679.5 

1069.5 

2142.1 

1371.5 

6 

940.1 

1073.6 

2674.9 

1010.1 

2168.1 

1899.2 

7 

941.9 

1067.6 

2677.3 

1039.8 

2180.2 

1385.4 

3 

941.0 

1070.5 

2676.1 

1024.9 

2174.1 

1392.3 

9 

941.4 

1069.0 

2676.7 

1032.4 

2177.2 

1888.9 

10 

941.2 

1069.3 

2676.4 

1023.6 

2175.6 

1340.6 

| 


TABLE  5(b) 

HIS  GUIDE  ITERATIONS  RESULTS 
EFFECTIVE  y METHOD,  f=79.4  GHz 


M»''> 

kxim  l) 

. , -Is 

k ,(m  ^ 
x* 

) kx5(ni  S 

k (m  S 

xcr 

k (m  ) 

z 

\ (mm) 

V (mm) 

1 

1136.9 

000.0 

000.0 

2643.6 

0000,0 

0000 . 0 

3027.0 

2.076 

1.033 

2 

1098.6 

912.7 

912.7 

2304.9 

1237.9 

1237.9 

3001.4 

2.093 

1.047 

3 

1123.6 

803.0 

303.0 

2522.4 

365.8 

S65.8 

3000.3 

2.094 

1.047 

4 

1113.5 

374.4 

374.4 

2431.6 

1093.4 

1093.4 

2999 . 4 

2.095 

1.047 

5 

1119.3 

345.5 

345.5 

2482.9 

995.5 

995.5 

2999.5 

2.095 

1.047 

0 

1116.6 

361.2 

361.2 

2458.4 

1047 . 4 

1047.4 

2Q9Q . 

2.095 

1.047 

7 

1118.0 

353.7 

353.7 

2471.0 

1022.3 

1022.3 

2999.4 

2.095 

1.04  7 

S 

1117.3 

857.5 

357.5 

2464.8 

1035.1 

1035.1 

2999 . 4 

2.09  5 

1.047 

9 

1117.6 

855 . 6 

855.6 

2467.9 

1028.3 

1023.3 

2999.-4 

2.095 

1.047 

10 

1117.5 

356.6 

856.6 

2466.4 

1031.9 

1031.9 

2999.4 

2.095 

1.047 

kylO*"1) 

k^ra'1) 

kv3(m  l)  kv4(m  kv5(m  l)  kv6(m"1) 

1 

307.5 

1394.5 

2522.5 

2 

928.4 

1111.6 

2659.3 

3 

399.7 

1194.7 

2623.1 

4 

916.7 

1147.0 

2644.2 

5 

909.3 

1163.2 

2634.9 

6 

913.2 

1157.2 

2639.3 

7 

/ 

911.3 

1162.6 

2637.4 

3 

912.3 

1159.3 

2633.6 

9 

911.3 

1161.2 

2638.0 

10 

912.0 

1160. 5 

2638.3 

VL==  - J 


TABLE  6(a) 


MI  IS  GUIDE  ITERATION  RESULTS 
EFFECTIVE  METHOD 


l)  :<x3(a"1;> 

. / "lx  • , -In 

k ,(=i  ) •<  -(=i  ) 

X4  X? 

’5;<6<5‘'1) 

k (m"1) 
z 

\ (am) 

\ (nun) 

5 

1 

1543.0 

1500.6 

2750.4 

2.284 

1.142 

2 

1273.7 

942.1 

2664 . 4 

2.358 

1.179 

3 

1438.7 

1260.1 

2713.4 

2.316 

1.158 

4 

1364.4 

1108.4 

2696.5 

2.330 

1.165 

5 

1398.7 

1176.6 

2708.9 

2.319 

1.160 

6 

1388.5 

1156.0 

2700.0 

2.327 

1.1635 

7 

1393.3 

1166.6 

2704.6 

2.323 

1.162 

3 

1391.2 

1161.3 

2702.4 

2.325 

1. 1625 

9 

1392.5 

1164.0 

2703.5 

2.32^ 

1.162 

10 

1391.3 

1162.7 

2700.3 

2.32" 

1.163 

Vi011"1) 

kv4(»‘1> 

k -(m  S 
y5 

. , -1, 
‘<v6^:a  ^ 

1 

968.0 

963.0 

2687.9 

1594.5 

2367.2 

1599 . 5 

9 

756.1 

1473.5 

2447 . 6 

1004 . 3 

2161.2 

1363 . 4 

3 

395.1 

1204.1 

2590.7 

1279.0 

2255.9 

1740.0 

4 

343.3 

1322.3 

2532.2 

1123.5 

2208.3 

1312.5 

5 

372.5 

1260.1 

2564.0 

1193.1 

2236.6 

1777 . 5 

6 

359.3 

1290.0 

25<*9 . 1 

1159.5 

9 2 i 

1795.6 

7 

366.1 

1274.7 

2556.7 

1173.5 

9 9 3 

1736.7 

3 

363.0 

1232.3 

2553.0 

1163.9 

2225.6 

1791.2 

9 

364.5 

1273.5 

2534.9 

1173.7 

O *?  / 

. 4 . / • -* 

1739.0 

iO 

363 . 6 

1230.4 

2553.9 

1171.3 

2226.5 

1790.1 

j 


TABLE  6(b) 

NHIS  GUIDE  ITERATION  RESULTS 
EFFECTIVE  -j  METHOD 


’<x20n  S 

k*^ 

. . -i. 

> 

_ ]_ 

k ,(m  ') 
xo 

k7(a  *) 

\ (ram) 

V (nan 

5 

1733.6 

.0 

.0 

2227.7 

000  .0 

000  .0 

2756.9 

2 . 279 

1.1395 

■> 

1635.- 

]_242 . 2 

1242.2 

390.4 

338.9 

338.9 

2719.0 

2.311 

1.155 

3 

1745.2 

935.1 

985.1 

2079.1 

523.6 

523.6 

2719.5 

2.310 

1.155 

4 

1719.6 

1141.9 

1141.9 

1996.6 

733.5 

733.5 

2714.4 

2.315 

1.157 

5 

1733.7 

1074.3 

1074.3 

2041. 3 

639.3 

639.3 

2715.3 

2 . 31-* 

1.157 

6 

1727.0 

1110.-. 

1110.4 

2020 . 2 

633.7 

633.' 

2714.5 

2.315 

1.157 

7 

1730.4 

1093  .0 

1093  .0 

2031.3 

66^ . 9 

66- . 9 

2714.3 

2 . 

1.157 

3 

1723 . 7 

1101.3 

1101.3 

2025.3 

676.9 

676.9 

2714.6 

2.315 

1.157 

9 

1729.6 

109'. 5 

1097.5 

2023.6 

671.0 

571 . 0 

2714.7 

2.315 

1.157 

1C 

1 7 “'Q  1 

1099.7 

1099. 7 

2027 . 2 

674.0 

674.0 

2714.6 

2.315 

1.157 

-,(33  ') 

- 1 - 1 - 1 

kv3(x  ) *)  k..(a  ) 

ltv6(m"1) 

1 

233.0 

1311.5 

2209.0 

“1 

305.6 

1395.4 

2493 . 1 

3 

66- . 1 

1536 . - 

2376  .0 

- 

7-6.7 

1436.3 

2439.5 

5 

709.9 

1534.3 

2409.6 

6 

7 ' Q 1 

1510.4 

2425.0 

7 

719.3 

1522.4 

2417.4 

3 

724.6 

1516.4 

2421 . 2 

? 

1519 . a 

2-19 . - 

10 

'23.- 

1517.9 

2420.3 

torn wmmmmmmvmm 
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TABLE  7 

COMPARISON  BETWEEN  EXPERIMENTAL  DATA 
AND  NUMERICAL  DATA  FOR  THE  HIS  GUIDE 
WITH  A TEFLON  INSULATION  LAYER. 


f-78.2  GHz 

d=0.735  mm 

Experimental 

Data 

k=0.795  mm 

Effective 
£ Results 

2W=  2.05  mm 

Xs 

Effective 

U Results 

Case  (a) 
h=1.593  mm 

1.207  mm 

1.157  mm 

1 . 146  mm 

Case  (b) 
h=0.762  mm 

1 . 161  mm 

1.151  mm 

1 . 134  mm 

Case  (c) 
h=0.256  mm 

1.149  mm 

1 . 116  mm 

1.096  mm 

TABLE  8 

COMPARISON  BETWEEN  EXPERIMENTAL  DATA  AND 
NUMERICAL  DATA  FOR  THE  NHIS  GUIDE 

WITH  A TEFLON  INSULATION  LAYER 

f=98 . 2 GHz 

d=0.735  mm 

Experimental 

Data 

k=0.795  mm 

Xs 

Effective 
£ Results 

2W=1.00  mm 

Xs 

Effective 
u Results 

Case  (a) 
h**1.593  mm 

1 .319  mm 

1 . 215  mm 

1.203  mm 

Case  (b) 

1.242  mm 

1 . 204  mm 

1.183  mm 

h*0. 762  mm 
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TABLE  9 

COMPARISON  BETWEEN  EXPERIMENTAL  DATA 
AND  NUMERICAL  DATA  FOR  THE  HIS  Cl’ IDE 
WITH  AN  AIR-GAP  INSULATION  [.AVER 


f=73 .2  GIL' 


J=0.733  mm 
^8 

Experimental 

Data 


k=  0 . 7 9 3 mm 
's 

Ef  feet tve 
c Rosulcs 


2W=2.05  mm 

Ef  f ee  1 tve 
y Results 


Case  (a) 
h=0.405  mm 


1 . L 9 D mm 


I . 1 9 7 mm 


1. 1SS  m 


Case  lb) 
h=  0 . 7 355  mm 


1. 218  mm 


1 .211  mm 


1.202  mm 


Case  (a) 
h“  1.066  nun 


l . 2 1 8 mm 


1.213  lira 


1.205  mm 


TABLE  10 

COMPARISON  BETWEEN  EXPERIMENTAL  DATA 
AND  NUMERICAL  DATA  FOR  THE  Nil  IS 
GUIDE  WITH  AN  AIR-GAP  INSULATION  LAYER 


f-78.2  GHz 


3=0.735  mm 
\ 

s 

F.xper  tmenta  I 
Data 


k= 0.795  mm 
\ 

s 

Effective 
e Resu Its 


2W-1.00  ram 
\ 

s 

Ef feet tve 
vi  Results 


Case  (a) 
h=0.s05  nun 


1.265  mm 


1.297  mm 


1 . 29 1 


Case  ih) 
h=0.7355  mm 


1 . 299  mm 


1.320  mm 


1.323  mm 


Case  (c) 
h= 1.066  mm 


1 . 30o  nun 


1 . 3 28  mm 


1.33  4 mm 
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TABLE  1 1 


Case  (a):  2W- 1 

. 53  cm,  h=0 . 79  cm. 

f ■ 16 . •*  GHz 

» 

and  £,“12 

kx2  (m_I> 

, -1, 
ic  . iai  i 

so 

• -u 

Si  ^ ) 

. 1 

<. , (m  ' (sil 

Klohn ' s 

Calculated 

Results 

173.9 

1125.9 

1071.2 

390  5.o6  x 

IO*3 

Ef receive 
£ Results 

177.3 

ICeO 

1071. 2 

3^0  5 . 6«*  x 

10'3 

Effective 
u Results 

173.9 

1125.9 

1056.2 

339 .9  5.00  x 

io’3 

Iteration 

Results(-:N 

173.9 

109’. 9 

1070.1 

390  5 . 6u  x 

10'3 

Iteration 

Results('j) 

173.6 

1109.9 

1069 . 1 

390  5 . oc  x 

io"3 

Experimental 

Results 

5.3  x 

10  m 
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TABLE  12 


Case  (b) : 2W=1 . 55 

and 

cm,  h=0.3 

V12 

cm,  f=16.4  GHz 

* 

kx2  <”'1> 

kx5  (m_1) 

kvl  (m_1) 

kv2  (m_1) 

Xz  (n) 

Kohn' s 

Calculated 

Results 

182.0 

1125.4 

613.7 

960.7 

9.25  x 

io'3 

Effective 
e Results 

167.2 

591.6 

613.7 

960.7 

9.18  x 

io'3 

Effective 
y Results 

182.0 

1125.4 

591 

957.7 

9.19  x 

io*3 

Iteration 
Results  (s) 

173.8 

764.9 

609.4 

960.2 

9.20  x 

io'3 

Iteration 
Results  (y) 

178.9 

961.7 

605.3 

959.6 

9.22  x 

10  *3 

Experimental  8.4  x 10 

Results 


I 
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TABLE  13 

Case  (c)  : 2W=0,5  cm,  h=0.3  cm,  5=16.4  GHz, 

and  e -12 


kx2 

k - (m'1) 
xo  v 

Ki  t”"1) 

* 

< , cm  » 
y 1 

(m) 

Kohn' s 

Calculated 

Results 

401 . 6 

1042.4 

613.7 

960.' 

1.134  : 

< 10  ' 

Effective 
£ Results 

370.0 

491.0 

613.7 

960 . 7 

1.05  x 

10  - 

Effective 
u Results 

•+61. 5 

1042.4 

4O0.1 

935.3 

1.09  x 

- •> 

10  ~ 

Iteration 
Results  (e) 

410.9 

680.0 

566 . 3 

954.2 

1.04  x 

10  - 

Iteration 
Results  (p) 

4*»0 . 3 

870.2 

517.6 

. 4 

1.10  x 

10  - 

Experimental 

1.10  x 

10  " 

Results 


1 


!i 

\ 
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IV.  CONCLUSIONS 


This  paper  presents  a new  approach  to  the  analysis  of  millimeter 
waveguide,  and  it  serves  as  a good  check  for  the  original  effective  e 
method.  Because  both  methods  only  give  approximate  results,  a solution 
inspires  more  confidence  if  both  methods  agree. 


A comparison  of  the  results  of  both  methods  and  the  experimental 
data  has  been  made,  and  the  agreement  has  proven  to  be  reassuring. 


^ . . rr : •-.. 
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